Fibroblast growth factor 21 (FGF21) is an endocrine hormone that is critical for regulation of intermediary metabolism, and it is also a potential drug target for treating diabetes and other metabolic diseases. Interest in FGF21 exploded with the discovery that pharmacological administration of FGF21 to diabetic rodents and primates increased insulin sensitivity, energy expenditure, and weight loss (1). Administration of the FGF21 analog, LY2405319, to obese humans also significantly reduced body weight and improved plasma metabolic profiles (2). These studies have spurred a number of drug development programs designed to enhance FGF21 activity as a therapeutic approach to increase insulin sensitivity and treat diabetes.
Fibroblast growth factor 21 (FGF21) is an endocrine hormone that is critical for regulation of intermediary metabolism, and it is also a potential drug target for treating diabetes and other metabolic diseases. Interest in FGF21 exploded with the discovery that pharmacological administration of FGF21 to diabetic rodents and primates increased insulin sensitivity, energy expenditure, and weight loss (1) . Administration of the FGF21 analog, LY2405319, to obese humans also significantly reduced body weight and improved plasma metabolic profiles (2). These studies have spurred a number of drug development programs designed to enhance FGF21 activity as a therapeutic approach to increase insulin sensitivity and treat diabetes.
FGF21 is expressed in and secreted by several tissues including liver, white adipose tissue, brown adipose tissue, striated muscle, heart, and pancreas. However, recent work has demonstrated that plasma FGF21 levels are derived primarily, if not completely, from the liver (3). FGF21 signals to specific tissues that express both the traditional FGF receptor, FGFR1, and a coreceptor called bKlotho. The physiological importance of FGF21 in regulating adaptive metabolic responses was demonstrated when complimentary articles showed that FGF21 was highly induced in liver by fasting through activation of the peroxisome proliferator-activated receptor a (4,5). Using multiple gain-of-function models, Inagaki et al. (4) showed that FGF21 produced by the liver acts as an endocrine hormone to coordinate adipose tissue lipolysis and stimulate ketogenesis, both critical responses to prolonged food deprivation.
FGF21 also plays an important role in regulating hepatic gluconeogenesis, which is another important aspect of the fasting response. FGF21 knockout mice are hypoglycemic under fasting conditions with reduced hepatic glucose production from gluconeogenesis (6) . Liver-specific FGF21 knockout mice also are mildly hypoglycemic following a prolonged fast (3), and overexpression of FGF21 is sufficient to stimulate gluconeogenesis in lean, chow-fed mice (6) . Although FGF21 increases gluconeogenesis under conditions of low circulating insulin, when insulin levels become elevatedsuch as during refeeding and overfeeding-FGF21 enhances insulin action (3) and suppresses hepatic glucose production (7, 8) . Notably, although administration of recombinant FGF21 to mice is sufficient to induce hepatic gluconeogenic enzyme gene expression, recombinant FGF21 treatment of isolated primary hepatocytes or isolated perfused livers does not affect expression of these genes (6) . Although one study reported that FGF21 signals directly to the liver (9), a growing body of literature suggests that FGF21 enhances hepatic gluconeogenesis secondarily via effects on distal tissues (6, 10, 11) . These results suggest that the effects of FGF21 on hepatic gluconeogenesis are not mediated by direct effects on hepatocytes.
In this issue of Diabetes, Liang et al. (11) provide evidence that FGF21 elicits its hepatic gluconeogenic effects via actions in the hypothalamus and activation of the hypothalamic-pituitary-adrenal (HPA) axis. Consistent with previous work, FGF21 knockout mice were hypoglycemic and exhibited lower circulating corticosterone concentrations during a prolonged fast. Interestingly, fasting hypoglycemia in these mice could be reversed by supplementation with the glucocorticoid, dexamethasone. FGF21, which can cross the blood-brain barrier (12) , was hypothesized to act in the hypothalamus to control HPA axis activity. Indeed, administration of a low dose of FGF21 to the paraventricular nucleus (PVN) region of the hypothalamus stimulated glucocorticoid production and corrected the gluconeogenic defects of the FGF21 knockout mice. These central effects of FGF21 could be abrogated by blockade of FGFR1 by administration of a neutralizing antibody to the PVN, treating mice with the glucocorticoid antagonist RU486, or by surgical adrenalectomy (11) . Increased phosphorylation of hypothalamic extracellular signal-related kinase 1/2 (ERK1/2), which is known to be activated by FGFR1 signaling, was observed in the hypothalamus after fasting in wild-type, but not FGF21 knockout, mice and with administration of recombinant FGF21. Finally, central administration of an ERK1/2 inhibitor blocked the effects of recombinant FGF21 on plasma corticosteroid and glucose concentrations, as well as hepatic expression of gluconeogenic enzymes. Collectively, these findings suggest a model wherein liver-derived FGF21 acts in the hypothalamus via ERK1/2 signaling to stimulate HPA axis activity and increase the production of corticosterone by the adrenals, thereby enhancing hepatic gluconeogenesis (Fig. 1) .
The central mechanism for FGF21 action fits well with another recent report showing that the effects of FGF21 on glucocorticoid secretion, behavior, and peripheral metabolism were mediated in the hypothalamus (10). Using conditional bKlotho knockout mice, Bookout et al. (10) showed that bKlotho in the brain is required for the effects of FGF21 on glucocorticoid secretion. While the work of Liang et al. (11) is consistent with this previous study and provides new mechanistic insight into how FGF21 controls peripheral metabolism via effects in the central nervous system, several questions remain regarding the central actions of FGF21. For example, although the gluconeogenic effects of FGF21 are attributable to hypothalamic mechanisms, glucocorticoid antagonism or ablation did not affect hepatic ketogenesis or fatty acid metabolism in response to FGF21 in the current study. In contrast, Bookout et al. (10) found that loss of bKlotho in the brain attenuated the elevated ketogenesis in the FGF21 transgenic mice in their study. The specific brain nuclei that FGF21 acts upon to elicit the peripheral metabolic effects also will need to be clarified as Bookout et al. reported no expression of mRNA for bKlotho in the PVN and attributed the central effects of FGF21 to the suprachiasmatic nucleus of the hypothalamus and the hindbrain. Both studies also raise questions concerning whether the effects of FGF21 on lipolysis are direct or mediated by increased systemic glucocorticoid levels. Although no effect of FGF21 on hepatic catecholamine levels was observed in the study by Liang et al. (11) , it is unclear whether the increased adrenocorticotropic hormone production by FGF21 administration also alters plasma catecholamine levels. Several studies have recently reported an increase in plasma FGF21 during various stresses (13) and in response to a low-protein diet (14, 15) . Future studies are needed to determine whether induction of FGF21 under these conditions functions to induce a hypothalamic-initiated stress response. Finally, could FGF21 therapeutics that do not engage FGFR1/bKlotho in the central nervous system provide a better pharmacology for treating diabetes by avoiding an undesirable activation of the HPA axis? The new report by Liang et al. (11) highlights these important questions and provides a firm rationale for future studies in this area. 
